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2002). Many studies also indicate that removal of acidicNucleosome Assembly:
tracts does not significantly impair histone binding orMore than Electric in the Making? assembly activity (see for example Daganzo et al., 2003;
Dutta et al., 2001; Namboodiri et al., 2004). Conservation
of domains with typical sequence complexity in each
histone chaperone further argues that evolution se-A structure of the core domain of the Xenopus NO38
lected a specific structural fold, instead of merely anhistone chaperone (Namboodiri et al., 2004) reveals a
acidic nature, as illustrated by recent structures of Asf1familiar architecture but raises provocative questions
(Daganzo et al., 2003) and the nucleoplasmin familyabout how histone chaperones bind histones and as-
(Dutta et al., 2001; Namboodiri et al., 2003, 2004). Takensemble nucleosomes.
together, these observations suggest that histone chap-
erones might form more stereospecific complexes withThe organization of genomic DNA into chromatin is an
histones than initially imagined, perhaps in a manneressential element of the machinery that regulates gene
that directly favors formation of the NCP.expression, or replicates and repairs the genome (Fel-
In this issue, Namboodiri et al. (2004) report the struc-senfeld and Groudine, 2003). At the heart of this architec-
ture of the XenopusNO38 core domain, extending previ-ture is the nucleosome core particle (NCP), the repeating
ous structural studies of the nucleoplasmin family byunit from which chromatin is formed. Understanding
Akey and coworkers (Dutta et al., 2001; Namboodiri ethow the NCP is assembled is one of the fundamental
al., 2003). As expected from sequence conservation, thequestions underlying chromatin function.
overall fold of the NO38 core domain is similar to thatWe know a great deal about NCP structure (Luger,
of nucleoplasmin and another family member, dNLP,2003). Four core histones form obligate heterodimeric
and all three proteins form broadly similar pentameric
associations (H2A with H2B, and H3 with H4) with similar
ring structures. Akey and coworkers have also showed
structures. Two (H3H4) heterodimers further associate
that the core domain, lacking acidic C-terminal tracts,
to form a stable (H3H4)2 tetramer. In the NCP, an octam- can bind histones, consistent with previous reports of
eric core composed of two (H2AH2B) bound to (H3H4)2 NCP assembly by the core domain. An intriguing aspect
forms a ramp around which DNA is wrapped. Although of these studies is that nucleoplasmin and NO38 form
elegant in structure, NCPs do not form spontaneously a decamer in the crystal by inverted stacking of two
if histones and DNA are mixed under physiological con- pentameric rings. Conservation of the residues involved
ditions; instead an insoluble aggregate is typically in contacts between pentamers suggests this might be
formed (Tyler, 2002). Formation of nucleosomes requires a general property of this family (Namboodiri et al., 2004).
specialized histone binding proteins called histone The formation of a decameric structure has important
chaperones (Philpott et al., 2000; Tyler, 2002). These ramifications for the function of nucleoplasmin-like
proteins are highly conserved throughout eukaryotes chaperones. For example, whereas nucleoplasmin
but collectively share only one obvious physicochemical shows a distinct preference for binding (H2AH2B), NO38
property; they are generally highly acidic, often pos- core domain appears to prefer to bind (H3H4)2 (Dutta et
sessing a C-terminal tail rich in acidic amino acids, and al., 2001; Namboodiri et al., 2004; Philpott et al., 2000),
often one or more short internal tracts of acidic residues. a difference that probably reflects more subtle structural
It is commonly believed that histone chaperones act differences in the NO38 monomer, pentamer, and de-
via a simple electrostatic mechanism, screening the camer, adding weight to the notion of stereospecific
charge of the highly basic histones, preventing their histone binding. The decameric structure also suggests
misappropriate aggregation with DNA (Philpott et al., a stereospecific mechanism for NCP assembly. Akey
2000; Tyler, 2002). In vivo, de novo NCP assembly is and colleagues (Dutta et al. 2001 and Namboodiri et al.
highly coordinated, and occurs in a stepwise fashion 2004) have proposed that by bringing together pairs of
(Figure 1); the (H3H4)2 tetramer is deposited onto DNA monomers related by 2-fold symmetry axes between
first, followed by addition of two (H2AH2B) dimers (Tyler, pentamers, the decamer creates five histone binding
2002). Consistent with this, many histone chaperones sites (see Figure 7 of Namboodiri et al., 2004). For nu-
display distinct preference for either (H2AH2B) or cleoplasmin, each site could interact with two (H2AH2B),
creating docking sites for (H3H4)2 so that five histone(H3H4)2, especially in vivo (Philpott et al., 2000; Tyler,
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Figure 1. Schematic Representation of Stepwise Assembly of the Nucleosome Core Particle, Based on Published NCP Structures (Luger,
2003)
The core histones are color coded (yellow  H2A, red  H2B, blue  H3, green  H4) and cylinders represent helices.
octamers are assembled on the chaperone, and Dutta desirable to know what complexes are formed if histone
chaperone and histones are prepared and mixed atet al. (2001) provide some biochemical evidence consis-
tent with such a complex. A similar model is proposed physiological conditions, since this is what is presumed
to occur in vivo unless other factors are involved, andfor NO38 but with the orientation of the octamer re-
versed, since it prefers to bind (H3H4)2 (Namboodiri et is the general method used in nucleosome assembly
assays (Tyler, 2002).al., 2004), and biochemical evidence is again consistent
with this idea (Namboodiri et al., 2004). However, the Despite these questions, the structures from the nu-
cleoplasmin family and ideas that they have suggestedformation of an octamer like that observed in the NCP
has not yet been demonstrated in either case. serve as important frameworks for future studies. For
example, directed mutation of residues involved in deca-Although models of NCP assembly via a decamer are
attractive, they are not without problems. For example, mer formation might shed more light on whether it is
directly relevant to the assembly process. The availabil-it is not yet clear how DNA enters the picture. Trou-
blingly, the model requires NO38 to release (H3H4)2 in ity of recombinant histones (Luger, 2003) also means
that structures of histone complexes of nucleoplasmin,order for DNA to bind. In one view, the models also imply
that the intact octamer is transferred to DNA, which dNLP or NO38 are within sight. As structural analysis
collectively focuses on histone chaperones, clearer an-is inconsistent with the stepwise assembly observed
in vivo. It also does not make sense for the histone swers to the questions regarding the mechanisms of
histone binding and NCP assembly should emerge,storage function of nucleoplasmin inXenopusegg, since
previous studies show that (H3H4)2 are stored in a sepa- shedding light on how these factors contribute to a vital
aspect of chromatin function.rate complex with the N1/N2 chaperone (Philpott et al.,
2000). It might, however, be representative of the instant
in assembly, when two (H2AH2B) are delivered to a
Robert N. Dutnall(H3H4)2-DNA complex. Other biochemical and biophysi-
Section of Molecular Biologycal studies of the nucleoplasmin family also apparently
Division of Biological Sciencesconflict with the presence of a decamer, and the stoichi-
University of California, San Diegoometry of histone binding. For example, crosslinking
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evidence of a decamer and suggest that the pentamer
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by a desalting column (Dutta et al., 2001 and Namboodiri Daganzo, S.M., Erzberger, J.P., Lam, W.M., Skordalakes, E., Zhang,
et al., 2004), and it is not clear to what extent these R., Franco, A.A., Brill, S.J., Adams, P.D., Berger, J.M., and Kaufman,
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mer, a structure which is known to be stabilized by high Dutta, S., Akey, I.V., Dingwall, C., Hartman, K.L., Laue, T., Nolte,
R.T., Head, J.F., and Akey, C.W. (2001). Mol. Cell 8, 841–853.ionic strength, prior to chaperone binding. Ideally, it is
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sential structural features of functional significance areChromosomal DNA Replication
conserved (Doublie et al., 1999; Steitz and Yin, 2004).on a Protein “Chip” Replication of chromosomal DNA, however, involves
more than just adding the correct base to a primer
strand. Besides a DNA polymerase, an advancing repli-
cation fork in bacteria, eukaryotes, and archaea also
contains a DNA helicase assembly, which travels aheadThe structure of the DNA polymerase from bacterio-
of the polymerase and unwinds DNA. Unwound DNA isphage φ29 (Kamtekar et al., 2004), which uses a pro-
protected from the catastrophic consequences of deg-tein instead of RNA as a primer and is also highly
radation by its interaction with the single-stranded bind-processive, illuminates the elaborations upon the con-
ing protein (SSB). The machinery at the replication forkserved polymerase module that confer these prop-
synthesizes both strands of DNA simultaneously: theerties.
leading continuously and the lagging strand discontinu-
ously. On the lagging strand, synthesis from each Oka-
Rapid and faithful replication of chromosomal DNA is zaki fragment proceeds from an RNA primer prepared
executed by large multiprotein complexes called chro- by DNA primase. (No DNA polymerase can initiate syn-
mosomal replicases (Kelman and O’Donnell, 1995; Waga thesis de novo, but rather must add bases to an existing
and Stillman, 1998; Grabowski and Kelman, 2003). In primer with a terminal 3OH.) High-speed operation of
bacteria, eukaryotes, and archaea, these machines op- chromosomal replicases critically depends on processi-
erate at replication forks to synthesize both strands of vity factors (or sliding clamps), which are ring-shaped
duplex DNA simultaneously. The core of these fantastic proteins that encircle DNA and are also in contact with
machines is DNA polymerase, which is equipped to carry DNA polymerase. By virtue of its association with the
out the chemistry of template-based synthesis of DNA sliding clamp, the polymerase becomes topologically
accurately. First described nearly twenty years ago, the linked to the DNA template and achieves high processi-
architecture of DNA polymerase resembles that of a vity. Processive DNA polymerases can synthesize many
human right hand with subdomains designated “palm,” kilobases of DNA without dissociation; by contrast, dis-
“fingers,” and “thumb” (Ollis et al., 1985; Steitz, 1999). tributive DNA polymerases manage to produce only 2–3
Many DNA polymerases also carry proofreading 3-5 turns of DNA before dissociating from the template. The
exonuclease activities that contribute to the fidelity of crucial operation of ring-shaped processivity factors is
the reaction; this activity is located on domains distinct managed by the clamp-loader, which use the energy of
from the polymerase domain or on other subunits. Bio- ATP binding and hydrolysis to load clamps onto DNA.
chemical and structural analyses have firmly established Though attachment to a sliding clamp is a dominant
that a set of conserved carboxylate groups in the palm mode of forming a processive DNA polymerase, some
subdomain of just about every DNA polymerase medi- replication systems have reached this solution in distinct
ates the chemistry associated with adding a base to the ways. Dissection of chromosomal replicases began with
primer DNA strand in a template dependent manner. genetics and biochemistry, but structuralbiology has been
The chemistry of nucleotide polymerization is executed making steady progress to produce atomic descriptions
with the assistance of two metal ions. The fingers subdo- of these amazing molecular machines.
main interacts with the incoming base and the template While the complexity of chromosomal replicases
base to which it is paired. A characteristic conforma- should be awe-inspiring, equally fascinating is a version
tional change in the fingers domain has now been ob- that can execute most of its functions using only a single
served in several structures of DNA polymerases when small (67kDa) polypeptide, with a small measure of
correct pairing between incoming deoxynucleotide tri- assistance from a second protein. Like the integration of
phosphates (dTNP) and the template has been sensed. electronic components achieved on modern computer
The thumb subdomain forms contacts to the product silicon chips, the DNA polymerase from bacteriophage
duplex. It also participates in shuttling substrate from φ29 brings together many operations into one polypep-
the polymerase active site to the proofreading exo- tide chain that require several protein subunits in much
nuclease active site for editing. While the structures of larger replicases. The molecular mechanisms employed
DNA polymerases, especially those from different se- by bacteriophage φ29 to replicate its genome have for
a long time provided a contrast to observations madequence families, display some divergence in detail, es-
